The aim of this study was to assess the activity of catalysts formed by nanostructured zinc oxide supported on stainless steel wire mesh for the photocatalytic degradation of methylene blue under UV irradiation. Catalysts prepared by means of different low temperature synthesis methods, as described in a previous work (Vu et al., Mater. Res.
Introduction
Around one million tons of synthetic organic dyes are produced every year for the textile, leather, paint, food, plastics and cosmetics industries. A sizeable fraction of this is lost during the industrial process in wastewaters which are usually discharged into rivers and seas. The decolouring and cleaning of these polluted effluents is essential for the environmental sustainability of the above-mentioned industries. Heterogeneous photocatalysis is one of the most attractive technologies for the decomposition of organic substances in wastewaters [1] . There are several materials with appropriate properties for acting as photocatalysts, such as TiO 2 , ZnO, CdS, iron oxides, WO 3 , ZnS, etc. Of these TiO 2 is the most widely used catalyst because it is relatively cheap and supplies photogenerated holes with great oxidative potential [2] . Zinc oxide shares many of the properties of TiO 2 , including a similar bandgap. Due to the high demand for titanium in multiple applications the price of ZnO is now lower than that of TiO 2 [3] . Several studies claim that ZnO is even more active than TiO 2 and provides a higher quantum yield [4, 5] .
The use of ZnO catalysts in powder form implies a series of technical challenges, one of which is the separation of the particles from the reaction medium. Using a support for the photocatalysts maintains the dispersion of the particles and prevents sintering and agglomeration. Some supports also play an active role in the catalytic process by favouring charge separation (high electric conductivity supports) or the adsorption of reactants (highly porous supports). There are many reports in the literature of the direct synthesis of zinc oxide on different supports [6] [7] [8] [9] [10] [11] such as ITO (indium tin oxide [9, 10] ), copper plates [11] , silica, crystal or polyester films [10] , polyethylene fibres [12] , etc. The synthesis methods described in the literature [13] produce a wide variety of crystal morphologies, depending on the type of structure-directing agent used, e.g., hexamethylenetetramine, polyethylene glycol, polyethylene imine, etc. In general these are low-temperature hydrothermal methods (below 100°C) sometimes followed by a calcination stage (350-450°C).
We recently used several of these procedures [7] [8] [9] [10] [11] to synthesize ZnO nanoparticles supported on stainless steel wire mesh [14] . Wire mesh-supported materials have recently been used as monolithic catalysts for different reactions (e.g. the preferential oxidation of CO [15] , methanol decomposition [16] and N 2 O decomposition [17] ). In the present study the materials produced were tested for the photodegradation of methylene blue solutions under ultraviolet irradiation. The results were then compared with those achieved with commercial TiO 2 particles (Degussa-Evonik P25).
Experimental

Catalyst
All of the chemical reagents were of analytical grade and were not subjected to additional purification. The aqueous solutions were prepared with deionised water. The support was a stainless steel wire mesh [with a wire diameter of 30 m and a screen opening of 40 m] provided by CISA. Prior to being coated with ZnO, the mesh was washed with HNO 3 (4M) at 60°C for 4 hours and then with isopropyl alcohol in an ultrasonic bath for 10 minutes. The following reagents were employed: hexahydrated zinc nitrate (98%; Sigma-Aldrich), zinc chloride (Prolabo), dihydrated zinc acetate (Prolabo), polyethylene imine (PEI; MW=800; Sigma-Aldrich), hexamethylenetetramine (HMTA; >99.5%; Sigma-Aldrich), polyethylene glycol (PEG; MW=10,000; Sigma-Aldrich); aqueous ammonium hydroxide (20-30 vol.%;
Sigma-Aldrich), absolute ethanol (96%; Panreac) and potassium hydroxide (>85%; Probus). The different synthesis procedures used with these reagents [7] [8] [9] [10] [11] 18] are described in detail in [14] . Table 1 contains a list of all of the catalysts prepared in this work together with the variables employed for each method of synthesis. The references used in this work are the same as those in [14] .
The photocatalytic experiments were performed over aqueous solutions of monohydrated methylene blue (>96%; Riedel de Häen). Commercial TiO 2 particles (Degussa-Evonik P25) were used for comparison purposes.
Catalyst characterization
The morphology of the catalysts was studied by means of scanning electron microscopy for all these structural characterisation parameters can be found in [14] .
Photocatalytic tests
The photocatalytic methylene blue degradation experiments were carried out both on the supported catalysts (1 5 cm 2 strips weighing ~100 mg) and on the commercial (ii) the reaction rate can be expressed by the potential equation:
where C MB is the methylene blue concentration at any given time t, k is the reaction constant (mg MB 1-n ·mg c -1 ·L n ·min -1 ) and n is the apparent reaction order. Factor C C is introduced to account for the known dependence of the reaction rate on the catalyst concentration in the absence of screening effects [20] [21] [22] [23] [24] . Therefore, under chemical control the reaction constant k should be independent of the catalyst concentration.
For n=1, equation (3) is coincident with the known Langmuir-Hinshelwood equation for diluted solutions [25] . The resolution of equation (3) under different circumstances gives equations (4) to (7) shown in Table 2 . By fitting the concentration values from these equations with the experimental values of C MB at different times, the values of k and n can be obtained. However, the comparison of catalytic activities cannot be performed with the values of k unless the values of n are identical. To overcome this problem, we used the following parameter to evaluate the intrinsic activity of the catalysts:
where t 0.5 is the semiconversion time (min). Depending on the values of C C and n, parameter A C (mg c -1 ·L·min -1 ) can be evaluated by any of the equations (9) to (12) listed in Table 2 . On a ZnO or TiO 2 mass basis, subscript C in equations (1) to (12) becomes Z; on a catalyst mass basis, subscript C becomes MZ (mesh plus ZnO). Parameter A C (A Z or A MZ ) allows the activities of the catalysts to be compared at the same initial methylene blue concentration. In principle parameter A C is independent of the catalyst concentration. This is evident for the cases where the catalyst concentration does not vary during the reaction (equations (9) and (11)).
Results and discussion
The deconvolution technique described elsewhere [19] was applied in this work to obtain the true methylene blue concentration during the photodegradation experiments carried out with TiO 2 P25 and with the catalysts listed in Table 1 . Figure 1 shows specific spectra corresponding to the samples extracted from the reaction media at different times using different stainless steel mesh-supported catalysts. The grey peaks (P7, P8 and P9) correspond to the intermediate compounds produced during the reaction, whereas the six black peaks correspond to methylene blue, of which P1 exhibits the highest absorbance at the mean wavelength [19] . All the fittings displayed are highly acceptable, as in the case of the other samples analysed in this work. Figure 2 shows examples of the evolution of absorbance during the reaction for peaks in the visible region (P1: methylene blue, P7-P8-P9: intermediate compounds)
corresponding to catalysts with different activities. As can be seen, the absorbances for peaks P7, P8 and P9 vary in a way one would expect for intermediate products,
increasing at the beginning of the reaction and starting to decrease when the methylene blue concentration has fallen almost to zero. Especially noticeable is the significant contribution of the absorbances of the intermediate products to the total absorbance of the system, since this proves that it is necessary to use the deconvolution technique to evaluate the exact methylene blue concentration. are the same. These are azur A and azur B. Azur A is produced by the gradual demethylation of azur B, which in turn is produced by the demethylation of methylene blue [19] .
In order to establish a basis for comparison, photodegradation experiments with commercial TiO 2 particles (P25 Degussa-Evonik) were previously performed. Figure 3 shows the variation of the methylene blue concentration with reaction time for different amount of TiO 2 . The dashed lines represent the fitting of experimental points to equation (4) (first order kinetics). With the kinetic constants obtained from the fitting, A Z activity values were evaluated by means of equation (9) . The inset in Figure 3 shows a plot of the values of A Z for the different catalyst weights. As can be observed, the intrinsic catalytic activity (A Z ) is independent of catalyst mass for values of mass equal to or below 10 mg. The decrease in catalytic activity for higher masses is typical of photocatalytic systems [20] [21] [22] [23] [24] and it is commonly attributed to a screening effect resulting from the catalyst particles being situated close to the irradiation source.
However this effect is usually observed for catalyst concentrations of more than 1 g/L [21, 23] whereas in Figure 3 the decrease in A Z starts to occur at ~0.25 g/L. In our experiments no air was bubbled in the reaction vessel during the reaction, and therefore for higher TiO 2 masses the supply of oxygen from the atmosphere may become the controlling step, since this is known to occur with other processes, such as the photodegradation of phenol [26] . Therefore, in order to compare the activity of the catalysts prepared in this work with that of commercial TiO 2 the A Z value for the lowest TiO 2 mass (5.8 10 -4 mg -1 ·L·min -1 as indicated in Figure 3 ) will be used. This value corresponds to the intrinsic (independent of mass) activity of TiO 2 . Figure 4 shows the results of methylene blue photodegradation obtained for the different mesh-supported catalysts tested in this work. Remarkable differences in catalytic activity between the catalysts can be appreciated. The dashed lines in Figure 4 represent the fitting of the experimental data to equation (7). This equation was used because the classical first order reaction equation (5) provided unacceptable fittings in most cases, whereas the potential equation (7) gave good fitting results (Figure 4 ). The kinetic parameters obtained (k and n) are shown in Table 4 . In several cases the reaction order is clearly superior to 1, which could imply that catalytic deactivation has taken place during the reaction due to the photocorrosion of zinc oxide [27] [28] [29] . However, the existence of different values for the reaction order makes it impossible to compare the catalytic activities using the values of k. Therefore, in order to perform a strict comparison of catalytic activities we shall make use of the activity parameter, A C (either on a ZnO mass basis, A Z , or on a total catalyst mass basis, A MZ ) as defined by equation (8) and evaluated for the mesh-supported catalyst by equation (12) and for the TiO 2 particles by equation (9) . The values of A Z and A MZ are presented in Table 4 . For a better visualization of the data Figure 5 shows the values of A Z and A MZ corresponding to the different catalysts. As can be observed, the most active catalyst on a ZnO mass basis (A Z ) is S2-Ko. This displays an even higher activity than TiO 2 . The next most active is S2-Feng. The other catalysts all have a much lower catalytic activity. However, when considering the total mass of the catalyst (including the inert metallic mesh) none of the catalysts developed here have an activity comparable to that of TiO 2 . This drawback is offset by the advantages derived from using a supported catalyst.
The catalytic activity of mesh-supported catalysts depends a priori on several factors such as the presence of polar surfaces, the specific surface area of the active phase (number of active centres), the geometric properties, etc. Figure [30] becomes evident, as can be seen in the inset of Figure 6 .
Three catalysts were selected for stability tests: the two most active catalysts on a total mass basis (S2-Ko and S2-Chen-10) and a catalyst with a reaction order close to one (S2-Bai-C). The tests consisted of following the catalytic activity during consecutive batch reaction stages. Figure 8 shows the variation of A Z with t UV for all the catalysts.
This time value (t UV ) only includes the summation of the reaction times under ultraviolet irradiation. It does not take into consideration the adsorption stages under darkness. Each point in the plot stands for one reaction stage (120-150 min reaction).
After each stage the catalyst was cleaned and dried for the next reaction stage. As can be observed, all three catalysts become deactivated to a lesser or greater degree after several reaction stages, the most stable being the least active catalyst (S2-Bai-C). The rate of deactivation can be modelled using a potential equation of the type:
in which A Z,0 stands for the activity parameter at t UV =0 and d is the deactivation parameter which is a direct function of the rate of deactivation. As can be observed in ZnO + 2h + → Zn 2+ + 1/2O 2 (15) Several research groups have investigated how to reduce ZnO photocorrosion by means of procedures such as depositing silver [32] [33] [34] [35] , polyaniline monolayers [36] , graphitic carbon [37] , Nafion films [38] on the surface of the ZnO, or via hybridization of ZnO with C 60 [29] . As mentioned above, reaction orders of over 1 could be caused by the phenomenon of catalytic deactivation. This can be easily visualised in Figure 9 . This figure shows the theoretical variation of C MB /C MB,0 for experiments that yield the same initial reaction rate and different reaction orders. For a value of n over 1, the reaction rate diminishes with time with respect to that obtained for n=1. Catalyst deactivation leads to the same result. Table 4 .
Conclusions
Zinc oxide nanostructures supported on stainless steel meshes that had been synthesized showed a catalytic activity higher than that of the reference material TiO 2 P25
(Degussa-Evonik). Its high activity is attributed to a higher quantum yield resulting from the small particle length of the ZnO deposited on the wire meshes. It has been proved that reaction orders of over 1 are due to catalysis deactivation caused by ZnO photocorrosion. Figure 1 . Absorption spectra in the visible region for samples taken at different reaction times for some of the catalysts tested in this work. The deconvolution peaks were obtained by the technique described in [19] . (13) with the average reaction order obtained during the stability experiments. 
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